We propose a novel long-period grating (LPG) based on a ring-core hollow fiber (RCHF) filled with functional liquid as a tunable material. The RCHF structure is simple. The effective refractive index tuning characteristics of the liquid-filled RCHF-LPG are investigated. The RCHF-LPG functions as a tunable device filling with a functional liquid. The temperature sensitivities of three RCHF-LPG samples filled with dimethylacetamide (DMA) or DMA-glycerin mixtures are measured. The results show that the sample with high-RI liquid has higher sensitivity to temperature variation. The maximum linear sensitivity of the temperature can reach −618 pm/°C.
Introduction
Over the past few years, long-period gratings (LPGs) inscribed in special fibers have increasingly attracted attention owing to their extensive applications in optical communication systems and sensors [1] - [3] . Additionally, many LPG fabrication technologies such as ultraviolet laser exposure, CO 2 laser irradiation, and electric-arc discharge have been thoroughly and elaborately explored [4] - [6] .
LPG has been well known to offer an effective approach of coupling the core mode to the forward-propagating cladding modes in optical fiber when they satisfy the phase-matching condition [7] . This coupling leads to attenuation dip in the transmission spectrum, and the corresponding resonant wavelength is determined by grating pitch and the effective refractive index (ERI) difference between the two coupled modes. Because the cladding mode is very sensitive to the change in ambient refractive index (RI) [8] , the external modulations of LPGs are mostly realized by external integration of LPGs with RI-tunable functional materials, including thermo- [9] , electro- [10] , and magneto-optical materials [3] , which are widely used in LPG-based devices [3] , [11] , [12] . However, external integration usually requires complicated techniques and is unsuitable for device compactness. Recently, some investigations have been focused on the internal integration of LPGs with functional materials, where the LPGs are usually manufactured from hollow fibers (HFs) owing to their great potential of combining functional liquid using the cladding-filling methods. Cladding modulation has been realized in functional liquid-filled HF-LPGs [13] . However, fabrication of HF-LPGs faces some challenges [14] . Since the ring core of our proposed RCHF is doped with germanium, UV based techniques and CO 2 laser treatment or electric arc discharges based approaches are appropriate for the fabrication of LPG.
In the present work, we propose a novel HF-LPG, which can be simply combined with functional liquids by internal integration and can operate based on core regulation, namely, internal modulation mechanism. The proposed LPG was manufactured from a specially designed HF, which has a central air hole and a doped ring core, and is named as ring-core HF (RCHF). To form a LPG on the RCHF, a series of periodic tapers are produced using a high-precision fiber processing and splicing system (LZM-100 LAZERMaster from AFL Fujikura). To further improve the performance of the RCHF-LPG, the single hole can be simply filled with RI-tunable functional liquids without requiring relatively complicated selective-filling skills. Hence, we can obviously see that the liquidfilled RCHF-LPG is superior to other liquid-filled LPG devices in terms of the integration and preparation technique. In this study, temperature sensing is considered as an example. Because liquid has a higher thermo-optical coefficient than the background silica, it can be combined with fiber as a functional material for temperature sensing. The tuning characteristics of the ERIs in the core and cladding modes in response to the variation in RI of the filled liquid (RI FL ) were investigated. The temperature sensing properties of three RCHF-LPG samples filled with Dimethylacetamide (DMA) or DMA-glycerin mixtures with different RIs were measured. The results show that the operating temperature of the proposed device can be as low as −10°C and its highest linear sensitivity can reach up to −618 pm/°C. Therefore, the RCHF-LPG is a promising candidate for liquid-filled LPG devices with enhanced performance and high integration.
RCHF and RCHF-LPG
As reported [15] - [17] , anti-resonant reflecting optical waveguide (ARROW) and modal interference (MI) often exist in HFs, which are detrimental to the fabrication of LPGs in HFs. In addition, the additive absorption attenuation and the change in the wave-guide structure need to be eliminated when the air holes of the HF are filled with liquid. During filling process, simple pressure-assisted method was used to accelerate the filling process and ensure a proper filling without any air bubbles. With these in mind, we specially designed the RCHF where the air hole is made as small as possible and the ring-core is doped with germanium. The schematic diagram of the SMF-RCHF splice joint is shown in the Fig. 1(a) .
The air hole of RCHF is completely collapsed in the splice joint and the light will be tightly confined in the ring-core of RCHF. To verify the deduction, the light field distribution was measured with Charge Coupled Device (CCD, Beamage-4M-IR, Gentec-EO Inc., Canada). One end of RCHF was connected with single led light source (1490 nm) through a lead-in SMF. The output light from the other end of RCHF was obtained by CCD. The Fig. 1(b) shows that output image presents as a ring. It indicates that light is guided in the ring core, which can effectively avoid the ARROW effects. On the other hand, it is a crucial issue to reduce the MI effect in the RCHF by control the germanium concentration. The corresponding V-number of the RCHF is calculated at the central wavelength 1450 nm, which can be expressed by:
Where α is the core radius. The calculated result shows that the RCHF supports only two modes (LP 01 , LP 11 ). It also indicates that the MI effect can be effectively avoided.
The cross sections of the RCHF and liquid filled RCHF-LPG are shown in Fig. 2 (a) and (b). The RCHF has a ring core and a central air hole. The ring core is made of germanium-doped silica using standard modified chemical vapor deposition. The RCHF diameter is approximately 125 μm. The inner and outer diameters of the ring core is approximately 5 and 20 μm, respectively. The refractive index profile of fiber preform was measured by a preform analyzer (PK104, Photon Kinetics, Inc., USA). In relation to the corresponding RI profile (at 633 nm) shown in Fig. 2(c) , the maximum RI difference ( n) between the ring core and pure silica background is approximately 1.8 × 10 −3 . The LPG-RCHF was fabricated by a high-precision fiber processing and splicing system using a CO 2 laser heat source and computer-controlled translation motors (Z-axial motors). Specifically, local heat treatment and axial tension were separately applied on the fiber using CO 2 laser and computer-controlled motors, respectively, which melted the fiber and created a taper. This process was periodically repeated to produce a serially tapered structure on the RCHF. In the RCHF-LPG, the fundamental mode (LP 01 ) is resonantly coupled into the cladding linearly polarized modes (LP 0m ) when they satisfy the phase-matching condition, which is determined by the ERI difference between two coupled modes and grating pitch .
was precisely controlled by the movement step of the Z-axial motors. The corresponding resonant wavelength of the attenuation dip can be expressed as
where λ res is the resonant wavelength and n cor e and n claddi ng are the ERIs of two coupled modes. As shown in Fig. 2(d) , the taper diameter was set to 80 μm, and the period was set to 500 μm, which determined . To effectively fill the liquid into the proposed LPGs, the air hole should importantly not collapse during tapering. The tapering parameters, including CO 2 laser power and duration time, were optimized. The CO 2 laser power and duration time were 240 bits and 2.5 seconds, respectively. The transmission spectra of the RCHF and RCHF-LPG are shown in Fig. 3(a) . The resonant wavelength of the major attenuation dip with high extinction ratio is located around 1424 nm, and the MI and ARROW effects are effectively avoided in the RCHF. 
Tuning Characteristics of Liquid-Filled RCHF-LPG
To analyze the mode ERI tuning characteristics of the liquid-filled RCHF-LPG in response to the variation in the RI of the filled liquid, the ERIs of the core and cladding modes were investigated by using finite element analysis method. According to the fiber RI profile and the dispersion in silica fiber, the RIs of the ring core and cladding at 1400 nm were respectively determined as 1.44758 and 1.44578. In contrast to the silica fiber, the RI of the functional liquid significantly changed with external perturbations, including the temperature, magnetic field, and electric field. When the RCHF was filled with liquid, the ERIs of the fiber modes, including the core and cladding modes, would be tuned with the variation in RI FL . Fig. 3(b) shows that in the liquid RI range of 1.33 to 1.45, the ERI of the LP 01 -like mode increased with RI FL , whereas the ERIs of the cladding modes, which consider the LP 02 -like and LP 03 -like modes as examples, remained almost unchanged. Hence, the liquidfilled RCHF-LPG can be classified as core regulation. As a result, the ERI differences between the core and coupled cladding modes increased with RI FL . According to Eq. (2), the corresponding resonant wavelengths were consequently red shifted. We can notice that the ERI of the LP 01 -like mode can be progressively and significantly tuned until RI FL reaches 1.42, and the tuning efficiency will increase with it. In other words, the higher the RI of the filled liquid is, the more sensitive is the liquid-filled RCHF-LPG. As shown in the insets in Fig. 3(b) , we can note that the core mode (LP 01 -like mode) is mostly confined in the filled liquid rather than in the ring core when RI FL reaches up to 1.448, which leads to the failure in the liquid-filled RCHF-LPG. Therefore, the RCHF-LPG is shown to be significantly enhanced when RI FL is in the range from 1.42 to 1.448, and the RCHF-LPG filled with comparatively high-RI liquid will show higher sensitivity to the variation in RI FL . In practical applications, the ERI difference corresponding to the attenuation dip is changed by external perturbations, which leads to a resonant wavelength shift. In the temperature-sensing case, the thermo-optic coefficient of liquid is approximately two orders of magnitude higher than that of the silica fiber. Consequently, significant resonant wavelength shift will be realized as a result of temperature variation. More accurately, the shift in the resonant wavelength has a negative relationship with the temperature variation because the thermo-optic coefficient of liquid is negative.
Temperature Sensing
In this study, DMA and glycerin are selected as filling liquids based on the above analysis. Both liquids are colorless and intermiscible reagents, which are most commonly used in the laboratory. In addition, the RI of the mixture can be tuned in the demand range by adjusting the proportion of the two components. More importantly, the melting point of DMA is as low as −20°C, which means that the liquid-filled RCHF-LPG temperature sensor can stably and reliably operate at sub-zero temperatures. Three samples were fabricated in this experiment. The RCHFs with LPG were all approximately 5 cm, and liquid was filled into the central hole of the RCHF-LPG using the pressureassisted method. Sample A was filled with DMA. Samples B and C were filled with DMA-glycerin mixture, and the RIs of the mixtures measured at 25°C was 1.4419 and 1.4468, respectively. Then, the two ends of the samples were spliced using single-mode fibers.
The transmission spectra of the RCHF-LPGs are shown in Fig. 3(c) . Red shifts in the transmission spectra are observed with no additive absorption attenuation caused by the filled liquids. In addition, another major attenuation dip (Dip 1) appears in the short wavelength region because the phasematching condition corresponding to Dip 1 is enhanced by the filled liquid. With regard to Dip 1, Samples A, B, and C shift by 15.34, 28.58, and 35.2 nm, respectively. For Dip 2 in the long wavelength region, Samples A, B, and C shift by 10.76, 15.66, and 21.96 nm, respectively. We can see that the shifts in the dips have positive relationships with RI FL , possibly because the ERI of the core mode increases with RI FL . Additionally, the dips in the short wavelength region are more sensitive to RI FL than those in the long wavelength region, which can be explained by Eq. (2). Obviously, the results are in accordance with the above analysis.
To study the temperature response, three filled samples and a unfilled samples were tested at a temperature range from −10 to 70°C. The input light launched from a broadband light source passed through the RCHF-LPG, and the output light was then recorded by an optical spectrum analyzer. The transmission spectra are recorded in steps of 5°C. Fig. 4 shows that the resonant wavelength of the liquid-filled RCHF-LPG gradually shifted to shorter wavelengths with the increase in temperature. Considering that the melting points of DMA and glycerin is −20 and 18°C, respectively, the operating temperature should be higher than these melting points. For Sample A filled with DMA, its operating temperature range was set from −10 to 70°C. For unfilled sample, Samples B and C filled with DMA-glycerin mixtures, their operating temperature ranges were both set from 20 to 70°C. Given that Dip 1 in the short wavelength region is more sensitive, the wavelength shift in Dip 1 was considered as the sensing signal for every sample. In the range of −10 to 20°C, Sample A showed linear temperature sensitivity of −618 pm/°C, and the linear fit had a high R 2 value of 0.98. In the range of 20 to 70°C, Samples A, B, C, and unfilled sample showed linear temperature sensitivities of −241, −309, −399, and −12 pm/°C, respectively. The corresponding R 2 values of the linear fits was 0.97, 097, 0.98, and 0.98, respectively. In the comparison, the sensitivity of filled samples were significantly enhanced after the liquid filled in, Sample A had a higher temperature sensitivity in the low-temperature region than that in the high-temperature region, and the sample filled with higher RI liquid displayed higher temperature sensitivity. These results are also in accordance with the above analysis.
Conclusion
In conclusion, we have fabricated a novel LPG on RCHF, which has a central ring core. The core regulation RCHF-LPG operates mainly on internal modulation mechanism, and the tuning characteristics of the core-mode ERI are analyzed. The temperature-sensing properties of the liquidfilled RCHF-LPG are thoroughly investigated. The experimental results show that the temperature sensitivity of the liquid-filled RCHF-LPG is significantly enhanced and can reach up to −618 pm/°C in the range from −10 to 20°C. This structure is a promising candidate for liquid-filled fiber gratings, which are especially suitable for highly integrated LPG and fiber Bragg grating.
